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(57) ABSTRACT

An internal combustion engine controller for an internal
combustion engine comprising a memory and a processor.
The memory is configured to store a plurality of control
maps, each control map defining a hypersurface of actuator
setpoints for controlling an actuator of the internal combus-
tion engine based on a plurality of input variables to the
internal combustion engine controller. The processor com-
prises a map updating module, a parameter updating module
and an engine setpoint module. The map updating module is
configured to calculate an optimised hypersurface for at least
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tive function upon determining a change in an operating
condition of the internal combustion engine. The parameters
comprise one or both of: engine parameters associated with
an engine model; and cost parameters associated with a cost
function. The map updating module is further configured to
update the hypersurface of the control map based on the
optimised hypersurface. The engine setpoint module is con-
figured to output a control signal to each actuator based on
a location on the hypersurface of the respective control map
defined by the plurality of input variables.
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INTERNAL COMBUSTION ENGINE
CONTROLLER

CROSS-REFERENCE TO RELATED
APPLICATION

This Application is a 35 USC § 371 US National Stage
filing of International Application No. PCMP20201025181
filed on Apr. 20, 2020 which claims priority under the Paris
Convention to Great Britain Patent Application No.
1905882.5 filed on Apr. 26, 2019.

FIELD OF THE DISCLOSURE

The present disclosure relates to the control of an internal
combustion engine. More specifically this disclosure relates
to a system and method for controlling the actuators of an
internal combustion engine.

BACKGROUND

Internal combustion engines often include one or more
systems for managing the emissions output from the exhaust
of the internal combustion engine. For example, internal
combustion engines often include an after-treatment system
for treating the exhaust gas produced by the internal com-
bustion engine.

Typical after-treatment systems may include many sen-
sors and (control) actuators. Further sensors and actuators
may be provided in the internal combustion engine for
monitoring exhaust gas, performance, and/or efficiency of
the internal combustion engine. As such, internal combus-
tion engines may include many independent controllable
variables and calibration values. Thus, the design of an
engine control system for an internal combustion engine is
a multi-dimensional control problem.

Engine control systems need to provide setpoints to the
actuators of the internal combustion engine in response to
real time changes in the operating conditions of the internal
combustion engine. The desire for high efficiency internal
combustion engines which meet emissions regulations
places a further restraint on the design of a control system.
A further restraint on the design of the control system is that
the amount of computing power available to the engine
control system may be limited.

Conventionally, control of the internal combustion engine
and after-treatment system is managed by an on-board
processor (an engine control module). Due to the complexity
of the internal combustion engine and after-treatment sys-
tem, the engine control implemented typically utilises an
open loop control system based on a series of “control maps”
comprising pre-calibrated, time-invariant engine setpoints
for the internal combustion engine and after-treatment sys-
tem. Typically, the engine setpoints controlled include fuel
mass, start of injection (SOI), exhaust gas recirculation
(EGR) and inlet manifold absolute pressure (IMAP).

Some simple control maps comprise a plurality of look up
tables, in which a number of time-invariant engine setpoints
are stored associated with different engine operation condi-
tions. An engine control module can simply read out engine
setpoints from the control map associated with a desired
engine operation. Some engine control maps can also pro-
vide estimates of one variable as a function of a limited
number of other variables. Engine setpoint maps can only be
based on a limited number of input variables due to the
exponential increase in memory and map complexity as
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additional variables are included. In some cases, system
memory can be compromised, but at the expense of inter-
polation error.

One method for reducing effects on performance of
open-loop control scheme is to provide different control
maps for different operating regimes. For example, different
control maps may be provided for idle operation and full
throttle operation, or start-up. Providing many different
control maps per internal combustion engine makes calibra-
tion of each internal combustion engine expensive and time
consuming. Furthermore, these pre-calibrated maps are each
time-invariant lookup tables. Accordingly, these time-invari-
ant control maps cannot take account of part-to-part varia-
tions in engine parts, or unmeasured influences like humid-
ity for example. Time-invariant control maps also cannot
accommodate variations in engine part performance over
time.

An alternative approach is to implement real-time, on-
board, model-based control of the engine to replace the
pre-calibrated control maps. As such, an engine model
directly controls one or more of the setpoints of the internal
combustion engine. Model-based engine controls may
include dynamic engine models to predict engine perfor-
mance, emissions and operating states. Predicted engine
performance can be fed back into the model to further
optimise the engine setpoints. As such, model-based control
methods effectively incorporate a form of negative feedback
into the engine control system in order to improve perfor-
mance and emissions.

Model-based control is difficult to implement as the
engine setpoints must be calculated in real-time. Accord-
ingly, model-based engine controllers including predictive
elements ideally complete their predictions in real time as
well. Thus, many model-based control schemes require
significant computational resources to optimise model out-
put within a suitable timescale for controlling an internal
combustion engine.

SUMMARY OF THE DISCLOSURE

According to a first aspect of the disclosure, an internal
combustion engine controller is provided. The internal com-
bustion engine controller comprises a memory and a pro-
cessor. The memory is configured to store a plurality of
control maps, each control map defining a hypersurface of
actuator setpoints for controlling an actuator of the internal
combustion engine based on a plurality of input variables to
the internal combustion engine controller. The processor
comprises a map updating module, a parameter updating
module and an engine setpoint module. The map updating
module is configured to calculate an optimised hypersurface
for at least one of the control maps based on a performance
objective function of the internal combustion engine, sensor
data from the internal combustion engine, and the plurality
of input variables, wherein the performance objective func-
tion includes parameters. The parameters of the performance
objective function comprise engine parameters associated
with an engine model and/or cost parameters associated with
a cost function. The parameter updating module is config-
ured to update a parameter of the performance objective
function upon determining a change in an operating condi-
tion of the internal combustion engine. For example, the
parameter updating module may update an engine parameter
and/or a cost parameter. Further, the map updating module
is configured to update the hypersurface of the control map
based on the optimised hypersurface. The engine setpoint
module is configured to output a control signal to each
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actuator based on a location on the hypersurface of the
respective control map defined by the plurality of input
variables.

Accordingly, the internal combustion engine controller
comprises three processing modules: an engine setpoint
module, a map updating module and a parameter updating
module. The engine setpoint module is configured to control
a plurality of actuators of an internal combustion engine. For
example, the engine setpoint module may control one or
more of SOI, EGR, fuel mass, and inlet manifold absolute
pressure requested (IMAPR) for an internal combustion
engine. The engine setpoint module controls these actuators
based on a performance input to the internal combustion
engine, for example a user demand for torque, engine speed
etc, or specified sensor data from the internal combustion
engine (e.g. current inlet manifold absolute pressure). The
control of each actuator is determined based on a control
map for each actuator. Each control map defines a hyper-
surface for controlling an actuator of the internal combustion
engine based on a plurality of input variables to internal
combustion engine controller. As such, the engine setpoint
module is effectively an open loop control module which
utilises the actuator setpoints stored in the control maps to
control the actuators.

The map updating module effectively operates indepen-
dently from the open loop control of the engine setpoint
module. The map updating module is configured to optimise
the control of the internal combustion engine by updating
the hypersurfaces of the control maps at a location defined
by the input variables. As there are a plurality of actuators
to be controlled, optimising the hypersurfaces is a multidi-
mensional optimisation problem. The internal combustion
engine controller according to the first aspect provides a map
updating module which aims to solve the multidimensional
optimisation problem in real time in computationaly efficient
manner. As such, the map updating module is designed with
the computational resources available to an on-board engine
control module of an internal combustion engine in mind.

By providing a plurality of updatable control maps, a
control map based controller may be provided which can be
optimised to a range of different operating points using a
limited number of control maps. Thus, the number of control
maps that need to be calibrated for an internal combustion
engine may be reduced, as the updatable maps of this
disclosure may provide control covering a range of different
operating points for which separate control maps may have
been calibrated in the past. Accordingly, the complexity of
initial calibration and set-up of an internal combustion
engine may be reduced.

Furthermore, the ability of the plurality of control maps to
cover a range of different operating points may be supple-
mented by the parameter updating module according to the
first aspect of the disclosure. The parameter updating mod-
ule may update the performance objective function of the
map updating module in order to reflect a change in an
operating condition of the internal combustion engine. Thus,
the performance objective function of the map updating
module may be applied to a wider range of operating points
of'the internal combustion engine, thereby reducing the need
for additional control maps to be calibrated for the internal
combustion engine.

The performance objective function includes engine
parameters and cost parameters which may be updated by
the parameter updating module. The engine parameters may
be updated to compensate for uncertainty in engine perfor-
mance in the performance objective function. For example,
uncertainty in engine performance may arise from manu-
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4

facturing variations between internal combustion engines,
deterioration of the internal combustion engine and/or
uncertainty in the operating environment (e.g. atmospheric
conditions) of the internal combustion engine. As such, a
time varying difference between an observed performance of
the internal combustion engine and a modelled performance
of the internal combustion engine may be determined by the
parameter updating module as a change in the operating
condition of the internal combustion engine. The parameter
updating module may update engine parameters associated
with the performance objective function to reduce uncer-
tainty associated with the performance objective function.

In some embodiments, the internal combustion engine to
be controlled may include an aftertreatment system. Accord-
ingly, the sensor data provided to the internal combustion
engine controller from the internal combustion engine may
include sensor data from the aftertreatment system.

The cost parameters may be updated to reflect changes in
performance targets for the performance objective function.
For example, a performance target to enact a regeneration of
the aftertreatment system may be implemented through a
change in the cost parameters. Further, performance targets
for the internal combustion engine controller may be
updated to reflect changes in emissions requirements, and/or
the operating environment of the internal combustion
engine.

Accordingly, the parameter updating module may be
configured to determine an operating condition of the inter-
nal combustion engine based on at least one of: the input
variables to the internal combustion engine controller, sen-
sor data from the internal combustion engine, sensor data
from an aftertreatment system of the internal combustion
engine, a performance target for the internal combustion
engine, and the output of the real-time performance model.

The map updating module may comprise an optimiser
module configured to search for an optimised hypersurface
wherein the optimiser module selects a plurality of candidate
groups of actuator setpoints to be evaluated by the perfor-
mance objective function. The optimiser module may be
configured to output an optimised hypersurface for the at
least one control map based on the evaluations of the
candidate groups of actuator setpoints by the performance
objective function.

The performance objective function may comprise an
engine modelling module and a cost module. The engine
modelling module may be configured to calculate a plurality
of engine performance variables associated with each can-
didate group of actuator setpoints based on the input vari-
ables, the sensor data from the internal combustion engine,
the engine parameters, and the candidate group of actuator
setpoints. The cost module may be configured to evaluate
the engine performance variables and output a cost associ-
ated with each candidate group of actuator setpoints based
on the cost parameters.

A change in the operating condition of the internal com-
bustion engine may be based on an observed difference
between the model and the internal combustion engine. The
change in the operating condition may be determined based
on a change in sensor data output from a sensor of the
internal combustion engine relative to an engine perfor-
mance variable representative of a predicted value of the
sensor data. The parameter updating module may be con-
figured to update the engine modelling module to reduce a
difference between the sensor data and the engine perfor-
mance variable representative of a predicted value of the
sensor data below a predetermined threshold.
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The engine parameters may comprise time varying engine
parameters based on an input from an aftertreatment system
connected to the internal combustion engine. For example,
a time varying engine parameter may be updated to correct
for uncertainty associated with a sensor providing the input
from the aftertreatment system. By reducing uncertainty
associated with the performance objective function, the map
updating module may calculate optimised hypersurfaces
which result in improved performance for the internal com-
bustion engine.

The cost parameters may comprise a time varying cost
parameter based on an input from an aftertreatment system
connected to the internal combustion engine. For example a
time-varying cost parameter may be updated to compensate
for a time-varying change in the efficiency of the aftertreat-
ment system. Generally, the conversion efficiency of a
Selective Catalytic Reduction filter (SCR) of an after-treat-
ment system can vary over time due to a number of factors.
To maintain tail pipe NOx when SCR conversion efficiency
is low, the engine out NOx constraint may be reduced
through a change to an associated cost function parameter.

BRIEF DESCRIPTION OF THE FIGURES

The invention will now be described in relation to the
following non-limiting figures. Further advantages of the
disclosure are apparent by reference to the detailed descrip-
tion when considered in conjunction with the figures in
which:

FIG. 1 shows a block diagram of a system comprising an
internal combustion engine and an internal combustion
engine controller according to an embodiment of this dis-
closure;

FIG. 2a is an example of look-up table control map and
FIG. 2b is a graphical representation of the hypersurface
defined by the values in the look-up table control map of
FIG. 2a;

FIG. 3 shows a block diagram of an internal combustion
engine controller according to an embodiment of this dis-
closure;

FIGS. 4a, 4b and 4c¢ show graphical representations of
suitable functions for an operating target function, an emis-
sions function, and an engine constraint function respec-
tively;

FIG. 5 shows a detailed block diagram of a parameter
updating module and part of a map updating module accord-
ing to an embodiment of this disclosure;

FIG. 6 is a graphical representation of a time varying
change in a NOx correction parameter in response to an
observed change in the operating condition of the internal
combustion engine.

DETAILED DESCRIPTION

A general system diagram of an internal combustion
engine 1 and an internal combustion engine controller 10
according to an embodiment of this disclosure is shown in
FIG. 1.

The internal combustion engine controller 10 may com-
prise a processor and a memory (not shown). As such, the
internal combustion engine controller 10 may be imple-
mented on any suitable computing device known in the art.
The internal combustion engine module may be provided on
a dedicated engine control unit (e.g. an engine control
module) comprising one or more processors and integrated
memory. The internal combustion engine controller 10 may
be connected to a variety of inputs and outputs in order
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implement the control scheme of this disclosure. As such,
the internal combustion engine controller 10 may be con-
figured to receive various input variables signals, sensor data
and any other signals that may be used in the control scheme.
For example, the internal combustion engine controller 10
may be configured to receive engine sensor data such as
Engine Speed, Barometric pressure, Ambient temperature,
IMAP, Inlet Manifold Air Temperature (IMAT), EGR mass
rate (or sensors used to derive an EGR mass estimate), Fuel
rail pressure, Air system valve positions, and/or Fuel mass
estimate. The internal combustion engine controller may
also be configured to receive aftertreatment sensor data such
as Engine out NOx (e.g. Net Indicated Specific NOx),
Tailpipe NOx, Diesel particulate filter soot sensor (RF soot
sensor or differential pressure soot sensor), Diesel oxidation
catalyst inlet temperature, and/or SCR inlet temperature.

As shown in FIG. 1, the actuators of the internal com-
bustion engine are controlled by a plurality of engine
actuator setpoints. The engine actuator setpoints are con-
trolled by the internal combustion engine controller 10. In
the embodiment of FIG. 1, the engine actuators to be
controlled are EGR, SOI, Fuel Mass, and IMAP. Of course,
in other embodiments, the engine actuators to be controlled
may be varied.

As shown in FIG. 1, the internal combustion engine
controller comprises an engine setpoint module 20. The
engine setpoint module 20 is configured to output a control
signal to each actuator based on the plurality of control maps
30 and the input variables to the engine setpoint module 20.
As such, the operation of the engine setpoint module 20 is
similar to the open loop, engine map based control schemes
known in the prior art. Such open loop control schemes have
relatively small computational requirements compared to
more complex model-based control schemes.

The input variables to the engine setpoint module 20 may
be a combination of different variables derived from the
current operation of the internal combustion engine. Some
of the input variables may be based on performance
demands of the internal combustion engine. Some of the
input variables may be based on the current operating state
of the internal combustion engine, for example as measured
by various sensors. As the input variables are used to
determine an actuator setpoint based on a control map, it will
be appreciated that the total number of input variables per
control map may be restricted by the computational
resources available to the internal combustion engine con-
troller 10.

In the embodiment of FIG. 1, the input variables are
requested torque (TqR), current engine speed (N), and
current IMAP. In other embodiments, other input variables
may be used such as current EGR (i.e. the current position
of the EGR valve).

In general, it will be appreciated that some control actua-
tors associated with the internal combustion engine may
have some time lag associated with them. As such, there may
be some time delay between a change in requested actuator
setpoint (e.g. Requested IMAP) and the change being
recorded by a sensor (i.e. a sensor reading of current IMAP).

Each of the plurality of control maps 30 defines a rela-
tionship between one or more of the input variables and an
actuator setpoint. In the embodiment of FIG. 1, four control
maps 30 are provided, one for controlling each of EGR, SOI,
Fuel Mass, and IMAP Requested (IMAPR). Each of the
control maps 30 may define an engine actuator setpoint
based on one or more of the TqR, N and current IMAP
(IMAPC). For example, the EGR control map may define a
hypersurface of actuator setpoints based on the TgR, N, and
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IMAPC. As such, a combination of TqR, N and IMAPC
defines a location of the hypersurface from which an actua-
tor setpoint for EGR can be calculated. Similarly, the control
maps 30 for SOI and Fuel mass may also be defined by a
hypersurface which is a function of TqR, N, and IMAPC.
The control map for IMAPR in the embodiment of FIG. 1
may be defined by a hypersurface which is a function of TqR
and N. As such, different control maps may have a different
number of dimensions.

Each of the control maps 30 of FIG. 1 may be imple-
mented as a look-up table. Look-up table control maps 30
for engine controllers are well known in the art. An exem-
plary look-up table control map 31 is shown in FIG. 2a. The
look-up table control map 31 shown in FIG. 2a has two input
dimensions and a single output dimension. Accordingly, in
the embodiment of FIG. 24, the control map 31 is a
two-dimensional control map, wherein the number of
dimensions recited is determined by the number of input
dimensions. The control map 31 of FIG. 2a comprises input
variable 1 (i.e. a first input variable) and input variable 2 (a
second input variable). The look-up table defines a plurality
of values (actuator setpoints) for different combinations of
input variable 1 and input variable 2. As such, the lookup
table control map 31 may be used to select an actuator
setpoint based on the values of input variables 1 and 2. FIG.
2b is a graphical representation of the hypersurface defined
by the values in the look-up table control map 31. As is
known in the art, interpolation of the setpoints defined in the
look-up table may be used to find a location on the hyper-
surface where one or more of the input variables do not
exactly match the values stored in the look-up table.

In other embodiments, alternative means may be used to
describe the hypersurface for each control map 30. For
example, the hypersurface may be defined as a function of
the input variables. Suitable multidimensional functions for
defining a hypersurface may be a universal approximator
function. Suitable universal approximator functions may
include: artificial neural networks (e.g. radial basis func-
tions, multilayer perceptrons), multivariate polynomials,
fuzzy logic, irregular interpolation, kringing.

The plurality of control maps 30 may be stored in the
memory of the internal combustion engine controller 10
such that the various processing modules of the internal
combustion engine controller 10 can access the control maps
30.

As shown in FIG. 1, the internal combustion engine
controller 10 also includes a map updating module 40. The
map updating module 40 is configured to calculate an
optimised hypersurface for at least one of the control maps
30. In the embodiment of FIG. 1, the map updating module
40 may calculate an optimised hypersurface for each of the
control maps 30 concurrently. The map updating module 40
is configured to update the hypersurface of a control map 30
based on the optimised hypersurface calculated. Accord-
ingly, the hypersurface for one or more control maps 30 may
be updated during operation of the internal combustion
engine 1. By providing a set of updatable control maps 30,
a set of control maps 30 may be provided which can be
optimised to a range of different operating points. Thus, the
number of control maps that need to be calibrated for an
internal combustion engine 1 may be reduced, as the set of
updatable control maps 30 of this disclosure may control the
internal combustion engine 1 over a range of different
operating points for which separate sets of control maps (i.e.
multiple sets of control maps) may have been calibrated in
the past.

10

25

40

45

8

The map updating module 40 is configured to calculate
the optimised hypersurface based on a performance objec-
tive function. The performance objective function may be
evaluated in real time, rather than, for example, an off-line
calculation of historic engine data. The performance objec-
tive function uses sensor data from the internal combustion
engine 1 and the plurality of input variables (i.e. real-time
input variables to the internal combustion engine 1) to
calculate the optimised hypersurface. The performance
objective function includes engine parameters associated
with an engine model and/or cost parameters associated with
a cost function which are used to calculate the optimised
hypersurface. As such, the performance objective function
may be a multidimensional function. Effectively, the internal
combustion engine controller 10 of this disclosure incorpo-
rates additional variables (direct and/or indirect sensor data
variables) into the control of the internal combustion engine
1 in manner which does not significantly increase the
computational complexity of the map based control.

The map updating module 40 may use the performance
objective function to search for an optimised hypersurface.
For example, the map updating module 40 may search for an
optimised hypersurface by modelling a real-time perfor-
mance of the internal combustion engine 1 based on the
engine parameters associated with the engine model and
calculate a cost associated with the modelled real-time
performance. The map updating module 40 may repeat this
process for a plurality of candidate groups of actuator
setpoints and subsequently determine the optimised hyper-
surface based on the lowest cost candidate group of actuator
setpoints.

For example, the map updating module 40 may be con-
figured to calculate an optimised hypersurface for the
IMAPR control map. The IMAPR control map 30 may be
based on the input variables: engine speed (N) and Torque
Requested (TqR). The map updating module 40 may model
the real-time performance of the internal combustion engine
1 for a plurality of candidate groups of engine actuator
setpoints. For example a candidate group of engine actuator
setpoints may include: SOI, Fuel mass, EGR Requested, and
IMAPR. The map updating module 40 may vary one or more
of the engine actuator setpoints between each candidate
group of engine actuator setpoints in order to search for an
optimised hypersurface for the IMAPR control map 30. In
one embodiment in which only the IMAPR control map 30
is updated, the engine actuator setpoint for IMAPR may be
varied between each of the candidate groups of engine
actuator setpoints. Based on the output of the performance
objective function for each candidate group, the map updat-
ing module 40 may determine an optimised hypersurface for
the IMAPR control map. As discussed above, the optimised
hypersurface may be a portion of the total hypersurface
defined by the control map 30 (i.e. only a portion of the total
hypersurface defined by the control map may be updated).

As shown in FIG. 1, the internal combustion engine
controller 10 also includes a parameter updating module 50.
The parameter updating module 50 is configured to update
one or more parameters of the performance objective func-
tion. In particular, the parameter updating module 50 is
configured to update an engine parameter and/or a cost
parameter of the performance objective function.

The parameter updating module 50 is configured to
update a parameter of the performance objective function
upon determining a change in an operating condition of the
internal combustion engine. An operating condition of the
internal combustion engine may be based on at least one of:
the input variables to the internal combustion engine con-
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troller, sensor data from the internal combustion engine, and
sensor data from an aftertreatment system of the internal
combustion engine. By monitoring one or more of these
variables, the parameter updating module may determine
that a change in the operating condition has occurred and
elect to update one or more parameters (cost parameters
and/or engine parameters) of the performance objective
function in response to the change. The determination of a
change in an operating condition of the internal combustion
engine by the parameter updating module 50 is discussed in
more detail below in relation to FIG. 5.

By updating the parameters of the performance objective
function, the optimised hypersurface calculated by the map
updating module 40 may take into account a change in the
operating condition of the internal combustion engine.
Accordingly the map updating module may be more respon-
sive to time varying changes in the performance of the
internal combustion engine. For example, the parameter
updating module may detect a change in the operating
condition of the internal combustion engine associated with
a change in the calibration of one or more sensors of the
internal combustion engine and/or aftertreatment system and
proceed to update associated performance parameters to
account for the sensor calibration over time. Alternatively,
variation over time and/or uncertainty between modelled
performance of the internal combustion engine and the
actual real-time performance of the internal combustion
engine may be detected as a change in the operating con-
dition of the internal combustion engine by the parameter
updating module.

FIG. 3 shows a more detailed block diagram of an internal
combustion engine controller 10 according to an embodi-
ment of the disclosure. The block diagram indicates in
dashed lines that the map updating module 40 includes the
performance objective function and an optimiser module 42.
For the purposes of further explaining the performance
objective function, the performance objective function is
represented in FIG. 3 as comprising an engine modelling
module 44 and a cost module 46. Of course it will be
appreciated that the engine modelling module 44 and cost
module 46 may also be provided as one combined “black
box” function (i.e. as the performance objective function of
FIG. 1). As such, the internal combustion engine controller
10 has a similar general structure to the structure shown in
FIG. 1.

The internal combustion engine controller 10 of FIG. 3
also comprises an engine setpoint module 20. With reference
to FIG. 1 and the corresponding description, it will be
understood that the engine setpoint module 20 of FIG. 3 is
configured to output a plurality of actuator setpoints based
on locations on hypersurfaces of respective control maps 30
defined by the plurality of input variables.

The map updating module 40 comprises an optimiser
module 42, and engine modelling module 44 and a cost
module 46. As discussed above, the map updating module
40 is configured to calculate an optimised hypersurface for
one or more of the control maps 30. In this embodiment, the
map updating module 40 is configured to calculate an
optimised hypersurface for a plurality of the control maps
30. For example, in the embodiment of FIG. 3, control maps
for each of SOI, Fuel mass, EGR Requested, and IMAPR are
provided. The control maps 30 for SOIL, Fuel mass, and EGR
Requested are each a function of input variables engine
speed (N), Torque Requested (TqR) and IMAPC. The con-
trol map for IMAPR is a function of engine speed (N) and
Torque Requested (TqR).
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The optimiser module 42 is configured to search for an
optimised hypersurface for at least one of the control maps
30. In this embodiment, the optimiser module 42 is config-
ured to search for an optimised hypersurface for each of the
control maps 30 for SOI, Fuel mass, and EGR Requested
concurrently. The optimiser module 42 may be configured to
search for an optimised hypersurface for IMAPR at a
different time. As such, it will be appreciated that the map
updating module 40 does not need to update all of the
control maps at the same time. In other embodiments, it will
be appreciated that the map updating module 40 may update
all of the control maps at the same time.

The optimiser module 42 is configured to search for an
optimised hypersurface wherein the optimiser module 42
provides a plurality of candidate groups of actuator setpoints
to an engine modelling module 44. Each candidate group of
actuator setpoints is effectively a vector of actuator set-
points. The candidate group of actuator setpoints may
include an actuator setpoint for each control map 30 to be
updated. The candidate group of actuator setpoints may also
include actuator setpoints for control maps 30 which are not
presently being updated by map updating module 40. For
example, in the embodiment of FIG. 3 a candidate group of
actuator setpoints comprises a setpoint for each of SOI, Fuel
mass, EGR Requested and IMAPR. By including the
IMAPR actuator setpoint in the candidate group, even
though this control map 30 is not being updated, the real-
time performance model accuracy may be improved. Essen-
tially, in the embodiment of FIG. 3, the IMAPR setpoint is
treated as a time-invariant setpoint. Control maps (e.g. the
control map for IMAPR) not updated by the optimiser
module 42 may be updated by other means. As discussed
further below, a plurality of different optimiser functions
may be provided to update different control maps.

The optimiser module 42 outputs each candidate group of
actuator setpoints to the engine modelling module 44 which
forms part of the performance objective function. The opti-
miser module 42 may select the candidate groups of actuator
setpoints to be evaluated by the performance objective
function in a variety of ways. For example, the optimiser
module 42 may select each actuator setpoint within a
candidate group of actuator setpoints randomly from a
predefined range of allowable actuator setpoints. Thus, a
candidate group of actuator setpoints may be a group of
essentially randomised actuator setpoints. As such, the opti-
miser module 42 may select candidate groups of actuator
setpoints at random (a randomised search strategy). Alter-
native searching strategies may also be utilised, as discussed
in more detail below.

The number of candidate groups of actuator setpoints
selected by the optimiser module 42 may be predetermined
according to the computational resources available for cal-
culating the optimised hypersurface. The map updating
module 40 is configured to output an optimised hypersurface
to optimise a location on the control maps corresponding to
the current operating point of the internal combustion
engine. Accordingly, the map updating module 40 may
update the control maps in real-time, thereby placing a limit
on the amount of processing time available for calculating
the optimised hypersurface. For example, in the embodiment
of FIG. 3, the map updating module is configured to output
an optimised hypersurface within 60 ms. The processing
time taken to evaluate a single candidate group of engine
actuator setpoints using the performance objective function
will place an upper limit on the number of possible candidate
groups that may be evaluated within a single 60 ms period.
The processing time taken to evaluate a single candidate
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group of engine actuator setpoints will depend on the
computational complexity of the performance objective
function.

In the embodiment of FIG. 3, the processing time may
depend on the computational complexity of the engine
modelling module 44 and the cost module 46 which are
explained in more detail below. Typically, evaluating a
single candidate group of engine actuator setpoints using the
performance objective function may take around 0.1 ms. So,
in the embodiment of FIG. 3, about 200 candidate groups of
engine actuator setpoints may be evaluated by the map
updating module 40, taking around 20 ms. Accordingly, for
a map updating module 40 configured to output an optimised
hypersurface within 60 ms, a processing time budget of
around 30 ms may be allocated for residual processing and
around 10 ms of slack time.

As an alternative to a randomised searching strategy, other
searching strategies may be employed by the optimiser
module 42. For example, the candidate groups of actuator
setpoints may be selected according to an iterative searching
strategy. As part of an iterative searching strategy a first set
of candidate groups of actuator setpoints may be identified
and analysed as described above to determine associated
costs. The optimiser module 42 may then select a second set
of candidate groups of actuator setpoints based on the first
set of actuator setpoints and the associated costs (i.e. based
on the lowest cost candidate groups of the first set of
candidate groups). Examples of suitable searching iterative
searching strategies include Genetic algorithms, Simplex,
Stochastic optimisation and/or swarm algorithms.

The engine modelling module 44 is configured to calcu-
late a plurality of engine performance variables associated
with each candidate group of actuator setpoints. The inputs
to the engine modelling module 44 are the plurality of input
variables of the control maps, as well as sensor inputs from
the internal combustion engine, and the candidate group of
actuator setpoints. As such, the engine modelling module 44
is provided with a plurality of input variables associated
with the real-time operating point of the internal combustion
engine. Accordingly, the plurality of engine performance
variables calculated by the engine modelling module 44 may
be representative of the real-time performance of the internal
combustion engine.

In the embodiment of FIG. 3, the engine modelling
module 44 is provided with a candidate group of actuator
setpoints for SOI, Fuel mass, EGR Requested, and IMAPR.
The engine modelling module is also provided with real-
time data from a plurality of sensors of the internal com-
bustion engine. Sensor data from the internal combustion
engine 1 may include information from various sensors
associated with the internal combustion engine 1. Sensor
data may also include variables derived from data from one
or more sensors of the internal combustion engine. For
example the sensor data may include inlet manifold absolute
pressure, inlet manifold temperature, fuel rail pressure, back
pressure valve position, mass EGR flow, mass total air flow,
fuel mass flow, fuel rail pressure (FRP).

The engine modelling module 44 may include one or
more engine models configured to calculate a plurality of
engine performance variables associated with each candi-
date group of actuator setpoints. It will be appreciated that
as the inputs to the engine modelling module 44 include the
input variables to the internal combustion engine and the
sensor data, the engine performance variables will be rep-
resentative of a real-time performance of the internal com-
bustion engine under those actuator setpoints. The engine
performance variables calculated may include: engine
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torque, mass airflow, brake mean effective pressure
(BMEP), net indicated mean effective pressure (IMEP),
pumping mean effective pressure (PMEP), friction mean
effective pressure (FMEP), exhaust manifold temperature,
peak cylinder pressure, a NOx quantity (e.g. Net Indicated
Specific NOx (NISNOx), Brake Indicated Specific NOx)
Soot quantity (e.g. Net Indicated Specific Soot, Brake Indi-
cated Specific Soot), NOx/Soot ratio, minimum fresh
charge, and EGR potential.

Where applicable, the internal combustion engine con-
troller calculates Net Indicated Specific engine performance
variables (e.g. IMEP, NISNOx) rather than Brake Indicated
Specific performance variables. IMEP reflects the mean
effective pressure of the internal combustion engine across
the whole engine cycle. By contrast, BMEP is the mean
effective pressure calculated from the brake torque. Net
Indicated Specific values (e.g. IMEP, NISNOX) may be
used in some embodiments as these values are non-zero
even when the engine is idling.

In this disclosure, Net indicated specific NOx (NISNOx)
and Brake Indicated Specific NOx are further intended to
refer to the NOx quantity output by the internal combustion
engine, prior to any treatment in an aftertreatment system.
Of course, the skilled person will appreciate that the NOx
quantity may also be estimated downstream of the after-
treatment system (e.g. tailpipe NOx).

In order to calculate one or more of the above engine
performance variables from the inputs to the engine mod-
elling module 44, one or more engine parameters may be
used. The engine parameters may be used to define a
relationship between one or more of the above performance
variables and the inputs to the engine modelling module. For
example, various physical relationships between the above
performance variables and the inputs provided to the engine
modelling module are well known to the skilled person. As
such, the engine modelling module may provide one or more
physics based models to calculate one or more of the above
performance variables. As an alternative to physics based
models, the engine modelling module 44 may also calculate
one or more of the above performance variables using
empirical/black box models, or a combination of empirical
and physics based models (i.e. semi physical/grey box
models).

For example, the engine modelling module 44 may
include a mean value engine model. Mean value engine
models are well known to the skilled person for modelling
engine performance parameters such as BMEP, engine
torque, mass airflow etc. Further explanation of a mean
value engine model suitable for use in the present disclosure
may be found “Event-Based Mean-Value Modeling of DI
Diesel Engines for Controller Design” by Urs Christen et al,
SAE Technical Paper Series. Thus, a mean value engine
model may be used to calculate engine performance vari-
ables based on the inputs to the engine modelling module 44.

In addition to, or as an alternative to, the use of a mean
value model, the engine modelling module 44 may include
one or more neural network based models for calculating
one or more engine performance variables. For example, a
Net Indicated Specific NOx (NISNOx) engine performance
variable may be calculated from the sensor data using a
suitably trained neural network. Further explanation of suit-
able techniques for calculating engine performance variable
such as NOx quantity (e.g. NISNOx) using a neural network
may be found in “Development of PEMS Models for
Predicting NOx Emissions from Large Bore Natural Gas
Engines” by Michele Steyskal et al, SAE Technical paper
series.
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Physics based models of one or more internal combustion
engine components may be provided. For example, a com-
pressor model, a turbine model, or an exhaust gas recircu-
lation cooler model may be provided in order to help
calculate suitable engine performance variables.

The engine modelling module 44 outputs the engine
performance variables to the cost module 46. The cost
module 46 is configured to evaluate the engine performance
variables and output a cost associated with each candidate
group of actuator setpoints based on the performance vari-
ables. In the embodiment of FIG. 3 the cost module 46 is
configured to output the cost associated with each candidate
group of actuator setpoints to the optimiser module 42. In
other embodiments, the evaluation of the costs associated
with each candidate group of actuator setpoints may be
performed by a further module separate to optimiser module
42.

The cost module 46 may comprise a plurality of cost
functions configured to assign a cost to various performance
targets in order to evaluate the modelled performance of the
internal combustion engine under the candidate group of
actuator setpoints. Each cost function may determine a cost
based on or more engine performance variables and one or
more cost parameters. For example, the plurality of cost
functions may comprise one or more operating target func-
tions, one or more emissions functions, and one or more
engine constraint functions. Each of the plurality of cost
functions may be configured to output a cost based on a
function of one or more of the engine performance variables
and one or more cost parameters. The cost parameters may
determine the magnitude of the cost associated with each
engine performance variable. The cost parameters may also
determine the relative cost of each cost function relative to
the other cost functions. In the embodiment of FIG. 3, the
cost functions are configured such that a lower cost is
associated with a more optimal performance.

An operating target function may be a cost function
configured to optimise the internal combustion engine to
meet certain targets for operating the internal combustion
engine. For example, one target may be to operate the
internal combustion engine while minimising Brake Specific
Fuel Consumption (BSFC) or Net Indicate Specific Fuel
Consumption (NISFC). Another operating target may be to
minimise torque error (i.e. the difference between the actual
output torque and the torque requested). Such forms of
operating target function may be represented by a function
having a weighted square law relationship (i.e. of the form:
Cost=Weight*(performance variable)"2). As such, for an
operating target function, the weight of the operating target
function is a cost parameter. A graphical representation of a
suitable operating target function is shown in FIG. 4a. For
example, a cost associated with the operating target for
NISFC (Costyysr) may be:

Costygsre=Weightyer*NISFC™2

An emission function may be a function configured to
optimise the internal combustion engine in order to meet
certain objectives in relation to the emissions produced by
the internal combustion engine. For example one or more
emissions function may be provided based on engine per-
formance variables relating to emissions produced by the
internal combustion engine. As such, one or more emissions
functions may be based on NOx quantity (NISNOx, Soot
(NISCF), NOx Soot ratio, minimum fresh charge, and/or
EGR potential. The emissions functions may define a rela-
tionship between a cost and the engine performance vari-
ables using any suitable function. For example, in the
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embodiment of FIG. 3, the emissions functions may be
provided as one sided square law functions. A graphical
representation of a suitable emissions function is shown in
FIG. 4b.

For example, an emissions function may include a target
upper limit (T,,). The target upper limit may define a value
for an engine performance variable above which the cost
incurred becomes significant, whereas for values below the
target upper limit, no cost, or minimal cost is incurred. For
example, for some internal combustion engines, a target
upper limit for NISNOx may be 4 g/kWh. Thus, for an
emissions function a target upper limit, and/or a weight may
be a cost parameter. In other embodiments, a target limit
may be provided as a target lower limit.

Accordingly, an emissions function (Cost,,,,) based on
the engine performance variable NISNOx may be:

When: NISNOx<T,, Costy,,=0

NISNOx=T,,, Costy,,,=Weight,,,, *(NISNOx-T,,)"2

Some emissions functions may also be defined by a
minimum, or target lower limit (T,). For example, an
emissions function (Costg,,,) based on the engine perfor-
mance variable Exhaust minimum temperature (EMT) may
be defined as:

When: EMT>T,, Costg,,~0

EMT<T;, Costg,~Weightz, *(EMT-T,)"2

An engine constraint function may be a function config-
ured to reflect constraints associated with the operation the
internal combustion engine. As such, the one or more engine
constraint functions may be provided to discourage or
prevent the controller from operating the internal combus-
tion engine at certain engine actuator setpoints. For example,
one or more engine constraint functions may be based on
engine performance variables which have fixed limits which
cannot be exceeded due to physical requirements of the
internal combustion engine. As such, one or more engine
constraint functions may be based on peak cylinder pressure
(PCP), exhaust manifold temperature, compressor outlet
temperature. Further engine performance variables which
may have desirable fixed limits such as maximum allowable
torque error may also have a corresponding engine con-
straint function. Each engine constraint function may define
a relationship between a cost and one or more of the engine
performance variables using any suitable function. The
engine constraint function may also include a cost param-
eter. For example, in the embodiment of FIG. 3, the engine
constraint functions may be provided in the form Cost=1/
engine performance variable(s). A graphical representation
of a suitable engine constraint function is shown in FIG. 4c.

For example, an engine constraint function for the engine
performance variable PCP may be provided based on a PCP
upper limit L. The cost calculated by the engine constraint
function may rise asymptotically as the PCP upper limit L is
approached. Thus, a limit [. may also be a cost parameter.
Accordingly, an engine constraint function (Cost,,) based
on the engine performance variable PCP may be:

Costpep=1/(L-PCP)

As the engine constraint functions typically relate to
engine performance variables which have fixed limits based
on physical requirements of the internal combustion engine,
in some embodiments, the parameter updating module may
not update cost parameters associated with the engine con-
straint functions. For example, the PCP upper limit L. may be
a time invariant cost parameter.

As described above, various cost parameters have been
described with respect to operating target functions, emis-
sions functions, and engine constraint functions. The cost
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parameters may be stored by the cost module 46, for
example as a cost parameter vector.

Accordingly, the cost module 46 may calculate a total cost
associated with each candidate group of actuator setpoints
based on the costs calculated by each of the cost functions
calculated above. The total cost associated with each can-
didate group of actuator setpoints may be provided to the
optimiser module 42 for further processing.

As shown in FIG. 3, one or more of the cost parameters
may be updated by the parameter updating module 50. The
updating of the cost parameters is discussed in more detail
below.

The optimiser module 42 is configured to output an
optimised hypersurface for the at least one control map 30
based on the candidate groups of actuator setpoints and the
associated costs. As such, based on the total cost for each
candidate group of actuator setpoints, the optimiser module
42 may identify a group of actuator setpoints which has an
optimal performance. For example, the candidate group of
actuator setpoints with the lowest total cost may provide
optimal performance. Accordingly, the optimiser module 42
may determine that the candidate group of actuator setpoints
with the lowest total cost is an optimised group of actuator
setpoints. The map updating module may update one or
more of the hypersurfaces of the control maps at the location
defined by the input variables based on the optimised group
of actuator setpoints.

Accordingly, an internal combustion engine controller 10
in accordance with the diagram shown in FIG. 3 may be
provided.

FIG. 5 shows a more detailed block diagram of the
parameter updating module 50 and part of the map updating
module 40. The parameter updating module 50 aims to
update one or more engine parameters and/or cost param-
eters of the performance objective function. The parameters
to be updated generally serve one of two purposes. Engine
parameters associated with the engine model (i.e. forming
part of the engine modelling module 44) may be updated in
order to reduce uncertainty in the engine models of the
engine modelling module 44. Cost parameters associated
with the cost functions described above may be updated in
order to effect a change in the priorities of the internal
combustion engine controller (i.e. to change an operational
mode of the internal combustion engine 1).

As discussed above, the engine modelling module 44 of
the performance objective function utilises models of the
internal combustion engine to determine engine perfor-
mance variables. It will be appreciated that there will be
some uncertainty associated with the engine performance
variables calculated. Over the lifetime of the internal com-
bustion engine, it will be appreciated that, for example,
ageing of the internal combustion engine, and/or variations
in manufacturing of the internal combustion engine may
result in the actual performance of the internal combustion
engine differing slightly from the performance modelled by
the engine modelling module 44. In particular, age-related
uncertainty may be time varying. The parameter updating
module 50 is provided to update engine parameters over
time to try counteract the effects of time varying uncertainty
on the engine modelling module 44.

As discussed above, the performance objective function
(engine modelling module 44) utilises sensor data and the
plurality of input variables to calculate one or more engine
performance variables. Some of these engine performance
variables may be related to a physical property of the
internal combustion engine which may be observed by a
further engine sensor. The parameter updating module 50 is
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configured to make a model observation of a given engine
performance variable and a physical observation of the
engine performance variable based on sensor data obtained
from the internal combustion engine. By comparing model
observation and the physical observation, the parameter
updating module 50 is configured to determine an engine
parameter to reduce any difference between the model
observation and the physical observation. It will be appre-
ciated that the engine models used by the parameter updat-
ing module are time invariant. As such, any difference that
occurs over time between the model observation of the
engine performance variable and the physical observation of
the engine performance variable is effectively considered to
be due be a change in the operating condition of the internal
combustion engine 1.

As shown in FIG. 5, the parameter updating module 50
outputs the engine parameter to the performance objective
function of the map updating module 40. The performance
objective function utilises the engine parameter to update a
corresponding engine performance variable calculated by
the engine modelling module 44 in order to reduce uncer-
tainty. The updated engine performance variable is then
input to the cost module 46 portion of the performance
objective function.

For example, in one embodiment the engine performance
variable representing NOx quantity maybe calculated by the
engine modelling module 44 based on sensor data. However,
there may be some uncertainty associated with this calcu-
lated NOx quantity. Uncertainty may arise from manufac-
turing variation of the internal combustion engine, deterio-
ration of the internal combustion engine and/or
environmental uncertainty. For example, the actual NOx
quantity produced by a given internal combustion engine
may depend on unmeasured disturbances such as engine
wear or humidity. To try to counteract such uncertainty, the
parameter updating module 50 may update one or more
engine parameters to reduce uncertainty in the calculation of
engine performance variables.

The parameter updating module 50 may be provided with
additional sensor data from an aftertreatment system con-
nected to the internal combustion engine 1 from which an
actual NOx quantity may be determined. For example, the
parameter updating module may be provided with sensor
data from a NOx sensor connected to the aftertreatment
system. The parameter updating module 50 may also be
provided with the same sensor data as the map updating
module 40 and input parameters from which the parameter
updating module can calculate a NOx quantity using the
same engine models as the engine modelling module 44.

The parameter updating module 50 is configured to deter-
mine a NOx correction parameter to reduce any difference
between a NOx quantity calculated by the engine modelling
module and an actual NOx quantity observed by a sensor
connected to the internal combustion engine 1.

FIG. 6 shows an example of a time varying change in a
NOx correction parameter in response to an observed
change in the operating condition of the internal combustion
engine 1. In the example of FIG. 6, the internal combustion
engine 1 is running under steady state conditions under
control of an internal combustion engine controller 10
according to this disclosure. At time t=120 s, an artificial
mass error in the EGR sensor was introduced. The EGR
sensor data is used one of the sensor data inputs used by the
engine modelling module 44 to calculate the NOx quantity
engine performance variable. As shown in the graph 1) of
FIG. 6, the disturbance in the EGR sensor results in a
disturbance in the NOx quantity engine performance vari-
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able calculated by the engine modelling module 44. FIG. 6
also shows a plot of the NOx quantity measured by a NOx
sensor connected to the aftertreatment system over the same
time period. As shown in FIG. 6, the actual NOx quantity
output by the internal combustion engine is unchanged at
time t=120 s.

Graph 2) of FIG. 6 shows a plot of the NOx correction
parameter over the corresponding time period of graph 1).
Prior to time t=120 s, the internal combustion engine is
running in steady state and so the NOx correction parameter
is set at about 1.23. Once the disturbance in the EGR sensor
is introduced at time t=120 s, the parameter updating module
50 observes a difference between the model observation of
the NOx quantity engine performance variable and the
physical observation of the NOx quantity by the NOx sensor.
The parameter updating module adjusts the NOx correction
parameter over time to reduce the difference between the
model observation and the physical observation as shown in
FIG. 6. Thus, the parameter updating module 50 acts to
correct the disturbance introduced at the EGR mass sensor
and reduces the difference between the model observation of
NOx quantity and the actual NOx quantity detected by the
sensor.

It will be appreciated that the example of FIG. 6 in which
an artificial disturbance is applied to the EGR sensor is
provided to aid understanding of the present disclosure, and
that the present disclosure is not to be understood to be
limited to only counteracting short term instantaneous dis-
turbances. Further, although in the example of FIG. 6, a
disturbance in a sensor is used to demonstrate the effect of
the parameter updating module 50, it will be appreciated that
the present disclosure is not limited to counteracting sensor
errors. For example, the parameter updating module 50 may
also be configured to account for input sensitivity to the
internal combustion engine which results in a difference
between the performance and/or emissions of the internal
combustion engine relative to the values calculated by the
engine modelling module 44.

As further shown in FIG. 5, the parameter updating
module 50 may be update one or more cost parameters
associated with one or more cost function of the perfor-
mance objective function upon determining a change in the
operating condition of the internal combustion engine. As
discussed above, the cost functions of the performance
objective function may include operating target functions,
emissions functions, and/or engine constraint functions.
Each of these types of cost functions may have one or more
cost parameters associated with them. The parameter updat-
ing module 50 may update the relative values of these cost
parameters in order to adjust the relative significance of each
cost function to the overall cost calculated for each candi-
date group of actuator setpoints. Accordingly, the parameter
updating module 50 may effectively provide time-varying
adjustments to the strategy of the map updating module 40
when searching for an optimised hypersurface. This in turn
allows the internal combustion engine controller 10 to
operate in a range of different environments and at different
operating points using a reduced number of control maps.

For example, the parameter updating module 50 may
utilise data from the aftertreatment system in order to
determine that a regeneration of the aftertreatment system is
to be performed (e.g. an indication from the aftertreatment
system that regeneration is required). Such an indication
may be based on a determination that DPF soot load has
risen above a threshold value. Accordingly, one or more of
the cost parameters may be updated such that the map
updating module 40 changes strategy from e.g. a preference

10

15

20

25

30

35

40

45

50

55

60

18
for prioritising low fuel consumption to prioritising high
exhaust temperature. Thus, the parameter updating module
50 may update some of the cost parameters of the perfor-
mance objective function in order to effect a regeneration of
the aftertreatment system.

For example, an emissions function may be provided to
assign a cost to an exhaust minimum temperature engine
performance variable including an associated exhaust mini-
mum temperature cost parameter (T;). To regenerate the
aftertreatment system (for example to regenerate a Diesel
Particulate Filter (DPF)), the parameter updating module 50
may increase the cost parameter T; from a negligible value
(e.g. =273.15° C.) to a higher value (e.g. 400° C.). The
internal combustion engine may not be able to reach such an
exhaust temperature, but will be encouraged to find a
solution that minimises the deviation from this value,
thereby increasing exhaust temperature such that the after
treatment system may be regenerated. As such, the cost
parameter T, may be used to trigger an aftertreatment
thermal management mode in which the exhaust gas tem-
perature output from the internal combustion engine is
increased. When aftertreatment thermal management is no
longer required (e.g. once the regeneration process is com-
plete), the parameter updating module 50 may adjust the
parameter T, to a negligible value (e.g. —180° C.). As such,
when aftertreatment thermal management is not required,
the significance of the emissions function for EMT is
reduced relative to other cost functions.

In order to determine if the DPF should be regenerated, an
engine performance variable representative of DPF soot load
may be provided to the parameter updating module 50.
Alternatively, DPF soot load may be derived by the param-
eter updating module 50 from sensor data provided by the
internal combustion engine. For example, DPF soot load
may be an engine performance variable derived by the
internal combustion engine controller from sensor data
representative of DPF soot load, for example comparison of
expected DPF differential pressure at a given mass flow
compared with a measured DPF pressure differential to infer
DPF soot load.

In some operating environments, actual DPF soot load
may vary, for example due to soot build up on the DPF. The
parameter updating module 50 may update the cost param-
eter T, in response to determining that DPF soot load has
exceeded an upper DPF soot load threshold. As such, a
change in the DPF soot load represents a change in the
operating condition of the internal combustion engine. Thus,
in some embodiments, parameter updating module 50 may
determine that when the DPF soot load rises above the upper
DPF soot load threshold the DPF should be regenerated.
Thus the parameter updating module 50 may update the cost
parameter T, from a negligible value (e.g. —-273.15°C.)to a
higher value (e.g. 400° C.). Once the DPF is regenerated (i.e.
soot is burnt off the DPF to reduce the DPF soot load) the
parameter updating module 50 may adjust the parameter T,
to a negligible value (e.g. —=180° C.). The DPF may be
determined to be regenerated by the parameter updating
module 50 based on determining that the DPF soot load has
fallen below a lower soot load threshold. Alternatively, or in
addition to the lower DPF soot load criteria, the parameter
updating module 50 may determine that the DPF is regen-
erated after a predetermined time period has expired.
Depending on the specific requirements of the internal
combustion engine and the DPF, the predetermined thresh-
old in other embodiments may be varied. For example, the
DPF soot load threshold may be at least: 85%, 90% or 95%.
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In other embodiments, the parameter updating module 50
may update the relative values of the weights of the cost
functions in order to cause a regeneration of the aftertreat-
ment system. As such, the weight parameters of the cost
functions may be updated from a preference for prioritising
low fuel consumption to e.g. prioritising high exhaust tem-
perature by altering one or more Weight parameters associ-
ated with the cost function(s).

In some embodiments, the parameter updating module 50
may include more than one function for updating a param-
eter of the performance objective function. For example, in
some embodiments, the parameter updating module 50 may
include an SCR temperature function for updating the
exhaust minimum temperature T, based on a sensor data
representative of a temperature of the SCR catalyst (e.g.
SCR inlet temperature). This functionality may be provided
as an alternative, or in addition to the parameter updating
module 50 determining if the DPF should be thermally
managed as described above. The SCR temperature function
of the parameter updating module is configured to increase
the exhaust minimum temperature cost parameter T, in
response to determining that sensor data representative of
SCR catalyst temperature (Tg.z) is below a threshold SCR
lower temperature (kg-z,)- To increase the SCR catalyst
temperature, the parameter updating module 50 may
increase the cost parameter T, from a negligible value (e.g.
-273.15° C.) to a higher value (e.g. 400° C.). As such, the
SCR temperature function may also update the cost param-
eter T, to provide an aftertreatment thermal management
mode. The higher value for T; may be maintained until T ¢,
exceeds a threshold upper temperature, at which point the T,
may be updated to a negligible value. Effectively, the SCR
temperature function may incorporate a form of hysteresis
between kg, and kg, to smooth out the frequency of
updates to T, as a result of the SCR temperature function.

The parameter updating module 50 may store emissions
data received from the aftertreatment system relating to
emissions of the internal combustion engine. The parameter
updating module 50 may utilise the emissions data to
monitor the emissions performance of the internal combus-
tion engine. In some embodiments, the parameter updating
module 50 may adjust one or more of the emissions func-
tions based on the monitored emissions performance. Thus,
the internal combustion engine controller 10 may be con-
figured to control an internal combustion engine 1 in a
manner which complies with various emissions regulations.
It will be appreciated that emissions regulations may vary
depending on the location of operation of the internal
combustion engine. Unlike time-invariant control maps,
which may be individually calibrated to comply with spe-
cific emissions targets in advance, the parameter updating
module 50 of the internal combustion engine may be
updated to comply with local emissions regulations as
appropriate. Thus, the calibration requirements of the inter-
nal combustion engine controller 10 may be further reduced.

For example, the parameter updating module 50 may
update the cost parameters associated with an emissions
function (Cost,,,,) in response to changes in SCR conver-
sion efficiency. The parameter updating module 50 may
update the cost parameter target upper limit T, in response
to changes in SCR conversion efficiency. Accordingly, the
parameter updating module 50 may vary the cost parameter
T, to try to counteract variations in SCR efficiency such any
variation in tailpipe NOx quantity is reduced or eliminated.

In one embodiment, the parameter updating module 50
may include a target updating function to update the cost
parameter T, which takes into account variations in the SCR
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conversion efficiency. According to this embodiment the
parameter updating module may determine, or be provided
with, a desired upper limit D, for NOX quantity. For
example, the parameter updating module may be calibrated
with a desired upper limit for NOx quantity depending on
the internal combustion engine to be controlled. In the
embodiment of FIG. 5 for example, D,, may be 4 g/kWh.
The parameter updating module 50 may calculate T,, based
on D,; and a scaling factor based on the SCR conversion
efficiency (k.z):

Ty=Dy*kce

The scaling factor k., may reflect a difference between
the expected SCR conversion efficiency (e.g. the expected
SCR conversion efficiency assumed by the engine modelling
module), and the actual SCR conversion efficiency deter-
mined by the parameter updating module 50 in real time.
The scaling factor k. may have an upper limit of 1
corresponding to when the actual SCR conversion efficiency
is equal to or greater than the expected SCR conversion
efficiency. The scaling factor k. may have a lower limit of
X when the actual SCR conversion efficiency is less than or
equal to the SCR conversion efficiency threshold, X may be
less than 1 and greater than about 0.4 For example, lower
limit X may be 0.4, 0.5, 0.6, or 0.7. Accordingly, in one
embodiment, the target updating function may scale the
target upper limit for NOx quantity from 4 g/kWh when the
SCR catalyst is operating at 95% efficiency to 2 g/kWh when
the SCR catalyst is operating at 90% efficiency. The scaling
over the range between these values may be linear or any
other form of suitable relationship.

In some embodiments, the parameter updating module 50
may adjust one or more of the emissions functions based on
the monitored emissions performance by updating a scaling
factor used to calculate a cost parameter. For example, the
parameter updating module may update the cost parameter
T,, by updating the scaling factor k. based on the moni-
tored emissions performance.

INDUSTRIAL APPLICABILITY

The internal combustion engine controller 10 of this
disclosure may be configured to control an internal com-
bustion engine in variety of configurations.

One application may be for controlling the actuator set-
points of an internal combustion engine as illustrated in FI1G.
1. The internal combustion engine may be installed on, for
example, a vehicle or piece of machinery, or may form part
of a generator.

The invention claimed is:

1. An internal combustion engine controller for an internal

combustion engine comprising:

a memory configured to store a plurality of control maps,
each control map defining a hypersurface of actuator
setpoints for controlling at least one actuator of a
plurality of actuators of the internal combustion engine
based on a plurality of input variables to the internal
combustion engine controller; and

a processor comprising:

a map updating module configured to calculate an
optimized hypersurface for a first control map based
on a performance objective function of the internal
combustion engine, sensor data from the internal
combustion engine, and the plurality of input vari-
ables, wherein the performance objective function
includes parameters; and
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a parameter updating module configured to update a
parameter of the performance objective function
upon determining a change in an operating condition
of the internal combustion engine;

wherein the parameters comprise one or both of: engine

parameters associated with an engine model; and cost

parameters associated with a cost function;

wherein the map updating module is configured to update

the hypersurface of the control map based on the
optimized hypersurface, and are engine setpoint mod-
ule configured to output a control signal to a first
actuator based on a location on the hypersurface of the
first control map defined by the plurality of input
variables; and

wherein the map updating module further comprises:

an optimizer module configured to search for an opti-

mized hypersurface wherein the optimizer module

selects a plurality of candidate groups of actuator
setpoints to be evaluated by the performance objective
function, and

the optimizer module is configured to output an optimized

hypersurface for the first control map based on the

evaluations of the candidate groups or actuator set-
points by the performance objective function.

2. The internal combustion engine controller according to
claim 1, wherein the map updating module is configured to
calculate an optimized hypersurface within a time period of
1 second.

3. The internal combustion engine controller according to
claim 1, wherein the map updating module is configured to
calculate an optimized hypersurface for each of the control
maps concurrently; and

the map updating module is configured to update the

hypersurface of each of the control maps based on the

respective optimized hypersurfaces.

4. The internal combustion engine controller according to
claim 1, wherein the performance objective function com-
prises:

an engine modelling module configured to calculate a

plurality of engine performance variables associated

with each candidate group of actuator setpoints of a

plurality of candidate groups of actuator setpoints

based on the input variables, the sensor data from the
internal combustion engine, the engine parameters, and
the candidate group of actuator setpoints; and

a cost module configured to evaluate the engine perfor-

mance variables and output a cost associated with each

candidate group of actuator setpoints based on the cost
parameters.

5. The internal combustion engine controller according to
claim 4, wherein the engine parameters comprise time
varying engine parameters based on an input from an
aftertreatment system connected to the internal combustion
engine.

6. The internal combustion engine controller according to
claim 4, wherein the cost parameters comprise time varying
cost parameters based on an input from an aftertreatment
system connected to the internal combustion engine.

7. The internal combustion engine controller according to
claim 1, wherein the change in the operating condition of the
internal combustion engine is based on an observed differ-
ence between the engine model and the internal combustion
engine.

8. The internal combustion engine controller according to
claim 7, wherein the change in the operating condition is
determined based on a change in sensor data output from a
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sensor of the internal combustion engine relative to an
engine performance variable representative of a predicted
value of the sensor data; and

the parameter updating module is configured to update an

engine parameter of the performance objective function
to reduce a difference between the sensor data and the
engine performance variable representative of the pre-
dicted value of the sensor data below a predetermined
threshold.

9. The internal combustion engine controller according to
claim 1, wherein the parameter updating module is config-
ured to determine the change in the operating condition of
the internal combustion engine based on at least one of: the
input variables to the internal combustion engine controller,
the sensor data from the internal combustion engine, and
sensor data from an aftertreatment system of the internal
combustion engine.

10. A method of controlling an internal combustion
engine comprising:

providing a plurality of control maps, each control map

defining a hypersurface of actuator setpoints for con-
trolling an at least one actuator of a plurality of actua-
tors of the internal combustion engine based on a
plurality of input variables to an internal combustion
engine controller; and

calculating an optimized hypersurface for a first control

map based on a performance objective function of the
internal combustion engine, sensor data from the inter-
nal combustion engine, and the plurality of input vari-
ables, wherein the performance objective function
includes parameters; and

updating a parameter of the performance objective func-

tion upon determining a change in an operating con-
dition of the internal combustion engine,

wherein the parameters comprise one or both of: engine

parameters associated with an engine model; and cost
parameters associated with a cost function;

wherein the hypersurface of the control map is updated

based on the optimized hypersurface, and

outputting a control signal to a first actuator based on a

location on the hypersurface of the respective control
map defined by the plurality of input variables; and
wherein calculating an optimized hypersurface com-
prises:
searching for an optimized hypersurface by selecting a
plurality of candidate groups of actuator setpoints to
be evaluated by the performance objective function,
and
outputting an optimized hypersurface for the first con-
trol map based on the evaluation of each of the
candidate groups of actuator setpoints by the perfor-
mance objective function.

11. The method according to claim 10, wherein an opti-
mized hypersurface is calculated within a time period of 1
second.

12. The method according to claim 10, wherein an opti-
mized hypersurface for each of the control maps is calcu-
lated concurrently; and

the hypersurtaces of each of the control maps are updated

based on the respective optimized hypersurfaces.

13. The method according to claim 10, wherein the
performance objective function comprises:

the engine model configured to calculate a plurality of

enaine performance variables associated with each can-
didate group of actuator setpoints of a plurality of
candidate groups of actuator setpoints based on the
input variables, the sensor data from the internal com-
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bustion engine, the engine parameters, and the candi-
date group of actuator setpoints; and

a cost model configured to evaluate the engine perfor-

mance variables and output a cost associated with each
candidate group of actuator setpoints based on the cost
parameters.

14. The method according to claim 13, wherein the engine
parameters comprise time varying engine parameters based
on an input from an aftertreatment system connected to the
internal combustion engine.

15. The method according to claim 13, wherein the cost
parameters comprise time varying cost parameters based on
an input from an aftertreatment system connected to the
internal combustion engine.

16. The method according to claim 10, wherein the
change in the operating condition of the internal combustion
engine is based on an observed difference between the
engine model and the internal combustion engine.
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17. The method according to claim 16, wherein the
change in the operating condition is determined based on a
change in sensor data output from a sensor of the internal
combustion engine relative to an engine performance vari-
able representative of a predicted value of the sensor data;

wherein updating an engine parameter reduces a differ-

ence between the sensor data and the engine perfor-
mance variable representative of the predicted value of
the sensor data below a predetermined threshold.

18. The method according to claim 10, wherein determin-
ing the change in the operating condition of the internal
combustion engine is based on at least one of: the input
variables to the internal combustion engine controller, the
sensor data from the internal combustion engine, and sensor
data from an aftertreatment system of the internal combus-
tion engine.



